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Objective: In osteoarthritis (OA), subchondral sclerosis takes place during cartilage degeneration. High
frequency ultrasound (12e55 MHz) has been shown to diagnose degenerated articular cartilage, while
0.1e1 MHz ultrasound has been applied for clinical characterization of bone and diagnostics of osteo-
porosis. The aim of the study is to investigate, for the ﬁrst time, the feasibility of 5 MHz ultrasound for
simultaneous analysis of articular cartilage and subchondral bone.
Methods: Osteochondral samples (n¼ 10) were prepared from fresh and visually normal bovine medial
tibial plateaus. Acoustic properties of the cartilage and subchondral bone were measured with a scanning
ultrasound system using the pulse-echo geometry and compared with biomechanical, histological and
compositional reference data.
Results: The apparent integrated backscatter (AIB) from internal cartilage showed signiﬁcant partial
correlations with hydroxyproline (Hypro) (r¼ 0.58, P¼ 0.000), water content (r¼L0.52, P¼ 0.001) and
dynamic modulus (r¼ 0.57, P¼ 0.000) of the tissue. Weak but statistically signiﬁcant correlation was
found between the bone AIB and mineral density of the subchondral plate (r¼L0.34, P¼ 0.041). Topo-
graphical variations in cartilage thickness could be detected using ultrasound. Composition, thickness
and mechanical properties of the cartilage varied signiﬁcantly across the tibial plateau. For the calculated
ultrasound parameters, the variation was signiﬁcant only between a few locations.
Conclusions: Pulse-echo ultrasound geometry at 5 MHz was feasible for simultaneous measurement of
the acoustic properties of articular cartilage and subchondral bone. However, the relationships between
the ultrasound parameters and properties of cartilage and bone were not as strong as reported earlier in
studies focusing only either on bone or cartilage. Simultaneous measurement of both tissues compro-
mises, due to natural curvature of articulating surfaces, the perpendicularity of the incidence of the
ultrasound pulse. Obviously, this source of uncertainty should be minimized in order to enable effective
clinical use of ultrasound in simultaneous measurement of articular cartilage and subchondral bone.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is estimated to cause symptoms in 20e40%
of elderly population1. Since the disease is, according to current
knowledge, irreversible, early diagnosis would be imperative for
prevention or slowing down further damage. Unfortunately, OA
diagnosis is often delayed and current diagnostic techniques, e.g.,
arthroscopy or radiographs, can typically detect OA when cartilage
tissue is already severely damaged. Obviously, more sensitiveAntti S Aula, Department of
nd, P. O. Box 1627, FI-70211
585.
s Research Society International. Pquantitative techniques are needed to improve OA diagnostics and
monitor the effects of OA treatments.
OA is characterized by disruption of the collagen network,
depletion of the proteoglycans (PG), increase of water content and
deterioration of mechanical properties of cartilage2. Previous
studies suggest that the superﬁcial cartilage contributes especially
to the mechanical function of cartilage under dynamic mechanical
loading3,4. When the superﬁcial layer is damaged, mechanical
properties of cartilage deteriorate and degenerative changes begin
to accumulate. As the degradation of superﬁcial cartilage, highly
important to mechanical function of the tissue, is amongst the ﬁrst
signs of OA, its early detection would be of diagnostic importance.
Subchondral sclerosis and osteophyte formation are known to
appear parallel to cartilage degeneration2,5. Radin and Rose6ublished by Elsevier Ltd. All rights reserved.
Fig. 1. The anatomical locations of the test sites (numbers), reference and ultrasound
(dot line) measurements in the medial tibial plateau of a bovine knee. The edge of the
meniscus is illustrated with a dash line.
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stiffening of the subchondral plate, exposes cartilage to increased
stresses, thus initiating the degeneration process. Further studies
have shown the phenomenon to be more complex and to involve
changes in bone density7e9 and collagen content10, which poten-
tially lead to weakened subchondral trabecular bone11. Changes in
the three-dimensional architecture of subchondral trabecular
matrix are also involved in OA; bone volume fraction increases due
to thickening of trabeculae, while number and separation of
trabeculae decrease12. Moreover, trabecular matrix becomes more
isotropic and plate-like in osteoarthritic joints13.
In the proximal tibia the highest stresses during locomotion are
measured in the medial condyle14. Due to variation in loading
conditions, the mechanical properties of both bone and cartilage
vary signiﬁcantly across the proximal tibia. Cartilage is thicker in
central areas, not covered by the meniscus, and gets thinner
towards the edges of the joint15. Beneath the menisci, the density
and mechanical strength of subchondral bone gradually decrease
towards the margins of the condyle14,15. The meniscus is known to
distribute the forces within the knee and hence prevent excessive
loading of the cartilage16. Noble and Alexander suggested that
meniscus, cartilage and subchondral bone have a trinitarian rela-
tionship where changes in any component cause adaptive changes
in the other two tissues15. In that study, the density of the sub-
chondral bone was reported to have an inverse relationship with
the thickness of the meniscus and a direct relationship with the
thickness of the cartilage. For these reasons, the medial condyle of
proximal tibia is a good region to study the feasibility of ultrasound
in a simultaneous analysis of cartilage and subchondral bone.
High frequency ultrasound (12e55 MHz) has been shown to
detect spontaneous, enzymatically and mechanically generated
changes in articular cartilage17e19. Typically, the analysis is based
on measurement of ultrasound reﬂection from the surface of the
cartilage but a few studies have shown that also backscattered
signal recorded from the internal cartilage is related to the integrity
of the tissue20,21. Unfortunately, the drawback of using high
frequency ultrasound is high attenuation, which inevitably
prevents analysis of the subchondral bone. A potential newmethod
for arthroscopic ultrasound measurements of cartilage integrity
was introduced recently22,23. The method applies a commercially
available and clinically approved intra-vascular ultrasound (IVUS)
catheter and could be, in principle, used for simultaneous
measurement of cartilage and bone. A recent study reported
qualitative and quantitative differences in the surface roughness
and internal structure, measured with IVUS, between intact and
repaired rabbit cartilage24.
Pulse-echo ultrasound measurements have been successfully
used for quantitative analysis of bone properties25,26. Reﬂection and
backscatter provide information about the amount, composition,
microstructure and mechanical properties of bone27e30. Frequencies
0.1e1 MHz have been suggested as the most useful for bone charac-
terization31, but higher frequencies (1e5 MHz) have also been
successfully applied in several studies26,28,29. Low frequencies used
for bone measurements, however, may lack the resolution necessary
for the analysis of articular cartilage. In order to simultaneously
analyze both tissues, an appropriate compromise has to be made
when choosing the frequency.
The bovine knee joint is a widely used model in cartilage
research. Several differences, as compared to human cartilage, are
evident, e.g., the size of the joint is larger, the thickness of the
cartilage is smaller and the menisci cover relatively larger area in
the bovine knee. However, the general tissue structure and shape
are rather similar.
A natural circumstance for an in vivo high frequency ultrasound
measurement of articular cartilage and subchondral bone isarthroscopy. Such an environment requires fast and simple
measurements, so it is important to know whether optimal
measurement conditions are needed for estimation of the integrity
of cartilage and subchondral bone. Our hypothesis is that 5 MHz
ultrasound could provide diagnostically valuable information on
the quality of both cartilage and subchondral bone. To test this
hypothesis, the present study investigates, for the ﬁrst time, the
feasibility of 5 MHz pulse-echo ultrasound measurements in
simultaneous quantiﬁcation of the properties of articular cartilage
and subchondral bone.
Materials and methods
Visually normal bovine osteochondral samples (n¼ 10) were
prepared from the knees of 10 animals within 6 h post mortem.
Rectangular samples (width 30 mm, length 50 mm, height 20 mm)
were cut with a band saw in medio-lateral direction across the
medial tibial plateaus (Fig. 1). During the preparation, the samples
were kept moist with phosphate buffered saline (PBS). The samples
were stored in a freezer (L20C) and thawed prior to the
measurements. During the experiments and storing, the samples
were immersed in PBS containing inhibitors of metalloproteinases,
5 mM ethylenediamine-tetraacetic acid, -disodium salt (EDTA,
VWR International, Fontenay, France) and 5 mM benzamidine
hydrochloride (SigmaeAldrich Inc., St. Louis, MO, USA).
Acoustic properties of the cartilage and subchondral bone were
measured with a scanning ultrasound system (UltraPac, Physical
Acoustics Corporation, Princeton, NJ, USA) operating at 500 MHz
sampling frequency. Pulse-echo parameters were measured with
a 5 MHz ultrasound transducer (V307, GE Panametrics, Waltham,
MA, USA). The L6 dB bandwidth and central frequency of the
transducer were 3.2e6.7 MHz and 5.0 MHz, respectively. Ultrasound
signals were recorded along a 30mm long scan line using 0.15 mm
lateral displacement steps between two recordings (Fig. 1). Before
the ultrasound measurements, the ends of the scan line were
manually set to the same horizontal plane using two orthogonal
goniometers (Edmund Optics Ltd, York, UK). In addition, a rough
time-of-ﬂight scout scanwas used to verify the optimal alignment of
the samples before the actual ultrasound measurements. The signal
gain was automatically optimized in every measurement point to
avoid saturation of the signal andmaximize the signal-to-noise ratio.
For the analyses, the sample area was divided into four
anatomical locations. Location 1 was themost lateral and location 4
the most medial site of the medial tibial condyle (Fig. 1). The
following ultrasound parameters were calculated: integrated
reﬂection coefﬁcient for saline-cartilage interface (IRCcart) and
cartilage-bone interface (IRCbone), apparent integrated backscatter
Fig. 2. Typical ultrasound pulse-echo signal from an osteochondral sample. Signals
from the cartilage and bone can be detected and separated for cartilage thickness
down to 0.2 mm. The present IRC time windows were chosen to include the whole
reﬂection waveform from all samples: 0.8 ms for IRCcart and 0.4 ms for IRCbone. Time
window for AIBcart was 0.4 ms, which allowed use of a ﬁxed time window also for
the thinnest cartilage samples. Time window for AIBbone was 2 ms.
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(AIBbone) and ultrasound roughness index (URI) for cartilage surface
(Fig. 2)33,34. Mathematical deﬁnitions of the parameters are pre-
sented in Table I. The IRC time windows were chosen wide enough
to include the whole reﬂection waveform from all samples: 0.8 ms
for IRCcart and 0.4 ms for IRCbone. Timewindow for AIBcart was 0.4 ms,
which allowed determination of cartilage AIB at all measurement
sites. The time window for AIBbone was ﬁxed to 2 ms for all samples.
Fixed time window may cover longer region in the samples with
larger bone volume fraction, because the speed of sound is larger in
bone tissue than in bone marrow.
The thickness of the cartilage was estimated using the time-of-
ﬂight data from the saline-cartilage and cartilage-bone boundaries.
The speed of sound for cartilage was assumed to be 1602 m/s in
tibial cartilage35. This thickness information was only used for
setting the parameters of the mechanical testing protocol. If the
transducer is not perpendicular to the cartilage or bone surfaces,
part of the ultrasound reﬂection misses the transducer, which
causes underestimation of the reﬂection. To consider this, the
angles between the transducer and tissue boundaries were
measured and used as controlling variables in the partial correla-
tion analyses. The angles of incidence between the ultrasound
pulse and saline-cartilage or cartilage-bone interfaces were calcu-
lated using the time-of-ﬂight information and a 20 measurementsTable I
Mathematical deﬁnitions of the ultrasound parameters
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A(f,z)[ Amplitude spectrum of a pulse recorded at distance z from the transducer
f¼ Frequency
Δf¼ Frequency range corresponding toL6 dB bandwidth
m¼Number of measurement points
di¼Distance between the transducer and cartilage surface
hdi ¼Average distance between the transducer and cartilage surface
hi ¼ Spatial average
Indices R, BS and zero refer to reﬂected signal from the interfaces of saline-cartilage
and cartilage-bone, backscattered signal from internal structures of cartilage and
bone, and signal received from a perfect reﬂector, respectively.(3 mm) wide moving window at each measurement point. The
local inclination was estimated from the slope of a linear ﬁt in the
moving window. After the ultrasound measurements, the samples
were cut into two halves along the ultrasound scan line. One half
was scannedwith a pQCT device and used in another study36, while
the other half was prepared for further biochemical, histological
and biomechanical analyses (Fig. 1).
Dynamic modulus (Edyn) and Young’s modulus (EYoung) of
cartilage were determined with a custom made material testing
device37 and a cylindrical plane-ended (dia¼ 1.13 mm) indenter.
After applying 12.5 kPa pre-strain, four stress-relaxation steps
(strain 5%) were performed to equilibrium (relaxation time 900 s).
The accurate thickness of the cartilage at the indentation site was
measured with the needle probe technique38 and the information
was used for calculation of the mechanical moduli. Dynamic
modulus was calculated from the third stress-relaxation step and
Young’s modulus as the slope of equilibrium stressestrain curve ﬁt
to the last three stress-relaxation steps. The modulus values were
calculated using an elastic isotropic model, according to Hayes
et al.39. For calculation of the dynamic modulus of cartilage, the
Poisson ratio was set to 0.5 (i.e., dynamically incompressible), while
at equilibrium the Poisson ratio was set to 0.140.
Safranin-O stained microscopic sections were cut for qualitative
histological imaging of the spatial PG distribution (Fig. 3). The
samples were ﬁxed in 4% formaldehyde in 0.07 M phosphate buffer
(pH 7.0), decalciﬁed with 10% EDTA in phosphate buffer (pH 7.4),
and processed through a series of ethanol solutions (50%, 80%, 94%,
94%, 94% and twice absolute ethanol), twice in xylene, and twice in
melted Paraplast Plus wax (Sherwood Medical Co, St. Louis, MO,
USA). After embedding, microscopic sections (3 mm thick) were
prepared and stained with 0.5% (w/v) safranin-O41 in 0.1 M sodium
acetate buffer (pH 4.6).
Biochemical analyses were used to determine the water content
and the amounts of uronic acid (UA) and hydroxyproline (Hypro) in
the tissue. The cartilage was detached from the bone with a razor
blade. After measuring the wet weights of the samples, they were
freeze-dried, and the dry weights of the samples were determined.
The dried samples were incubatedwith a 1 mg/mL concentration of
papain (SigmaeAldrich Inc.) in 150 mM sodium acetate including
50 mM CyseHCl (SigmaeAldrich Inc.) and 5 mM EDTA (Merck,
Darmstadt, Germany), pH 6.5, for 3 h at 60C. The samples were
boiled for 10 min to inactivate the enzyme. The UA contents of the
digests were quantitated from the ethanol-precipitated samples42.
The amounts of UA were normalized to the wet weights of the
samples to compensate for the variation in the sample sizes. To
estimate the collagen content of the samples, spectrophotometric
assay for Hypro was performed after hydrolysis of the freeze-dried
and papain digested tissue43. Hypro contents were normalized
against the wet weights of the samples.
The bone mineral densities of the subchondral plate (BMDplate)
and subchondral trabecular bone (BMDtrab) were measured with
a pQCT device (XCT 2000, Stratec Medizintechnik GmbH, Pforz-
heim, Germany). The thickness of the pQCT slice was 2.3 mm and
the in-plane pixel size was 0.2 0.2 mm2.
The data was analyzed with Matlab 7.4 (MathWorks Inc., Natick,
MA, USA). R Statistical Software version 2.11.1 (R Foundation for
Statistical Computing, Vienna, Austria) was used for statistical tests.
The ShapiroeWilk test was used to test the normality of the data
and the Friedman’s post-hoc test to determine the statistical
signiﬁcance of topographical variation between the locations. The
Spearman’s rho and partial correlation analyses were used for
testing the associations between the parameters. In partial corre-
lation analysis the controlling parameter for the cartilage param-
eters was the angle of incidence of ultrasound at the cartilage
surface. For bone parameters the controlling parameters were the
Fig. 3. Safranin-O stained histological sections across the medial tibial plateau demonstrate the spatial variation in structure and composition of cartilage and subchondral bone.
Thicknesses of cartilage and subchondral plate can be seen to decrease towards the margin of the joint. Also the curvature of the medial plateau is well demonstrated in the ﬁgure.
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bone-cartilage interface and the thickness of the cartilage.Results
Ultrasound backscatter (AIB) from the internal cartilage corre-
lated signiﬁcantly with Hypro (r¼ 0.58, P¼ 0.000) and water
contents (r¼L0.52, P¼ 0.001) and dynamic modulus (r¼ 0.57,
P¼ 0.000) of the tissue. There was also a signiﬁcant negative
correlation (r¼L0.55, P¼ 0.000) between the ultrasound back-
scatter and the thickness of the cartilage. The water content,
thickness and mechanical moduli of cartilage were also found to
correlate with the ultrasound roughness index of the tissue surface
(Table II). Weak but statistically signiﬁcant correlation was found
(r¼L0.34, P¼ 0.041) between the bone AIB and BMD of the sub-
chondral plate.
Thickness, composition and mechanical properties of cartilage
varied signiﬁcantly across the tibial plateau (Tables III and IV). Site-
to-site variations in the ultrasound roughness index and reﬂection
from the cartilage-bone boundary were statistically signiﬁcant only
between a few locations. The topographical variation was more
pronounced for composition, thickness and mechanical properties
of cartilage and mineralization of bone.
Correlations between the cartilage thickness, composition and
mechanical properties varied from moderate to good. The proper-
ties of cartilage, however, were not found to correlate with the
mineralization of bone (Table V). The correlation coefﬁcientTable II
AIBcart and URI from cartilage correlated signiﬁcantly with the composition, mechanica
density of subchondral plate (BMDplate). In partial correlation analysis the controlling para
cartilage surface. For bone parameters the controlling parameters were the angles of incid
thickness of the cartilage
UA Hypro Water EDyn
AIBcart 0.01 0.58** L0.52** 0.57**
IRCcart L0.13 L0.16 0.16 L0.05
URI L0.28 L0.29 0.47** L0.49**
AIBbone 0.24 0.00 L0.01 L0.06
IRCbone 0.02 L0.02 0.18 L0.29
*P< 0.05
**P< 0.01between the two values of cartilage thickness, measured with the
needle probe and ultrasound, was r¼ 0.89 (P¼ 0.000).Discussion
The pulse-echo ultrasound geometry at 5 MHz was feasible for
simultaneous measurement of the acoustic properties of articular
cartilage and subchondral bone. Backscattered signal from the
internal cartilage correlated with the water content, mechanical
properties, thickness and especially with the collagen content of
the cartilage. This ﬁnding is in line with earlier ﬁndings using high
frequency ultrasound44. Furthermore, ultrasound backscatter from
subchondral bone correlated with the BMD, which is consistent
with ﬁndings using lower ultrasound frequencies28.
Thickness, composition and mechanical properties of cartilage
varied signiﬁcantly across the tibial plateau. Ultrasound backscatter
and ultrasound roughness index were able to detect part of this
variation in cartilage. BMD of the subchondral plate and trabecular
region, bone IRC and bone AIB also varied signiﬁcantly across the
sample. Variation in bone ultrasound parameters, however, is
probably partly due to variation in cartilage thickness. Thick carti-
lage attenuates ultrasound effectively, leading to underestimation
of these ultrasound parameters. The same phenomenon improves
correlations between the bone ultrasound and cartilage reference
parameters. However, the authors decided not to numerically
adjust the measured ultrasound signals with cartilage thickness or
angles of incidence of the ultrasound pulse and tissue layers,l properties and thickness of cartilage, while AIBbone correlated with bone mineral
meter for the cartilage parameters was the angle of incidence of the ultrasound at the
ence of the ultrasound pulse at the cartilage surface and bone-cartilage interface and
EYoung Thickness BMDplate BMDtrab
0.16 L0.55** L0.11 L0.20
L0.06 0.10 0.14 L0.36*
L0.41** 0.56** 0.08 0.09
0.04 – L0.34* L0.05
L0.21 – 0.09 L0.05
Table III
The Friedman’s post-hoc test revealed that the topographical variation between the
measurement locations was statistically signiﬁcant for all parameters but
the ultrasound reﬂection from the surface of the cartilage. The variation was more
pronounced for composition, thickness and mechanical properties of cartilage and
mineralization of bone, while the ultrasoundmeasurements were able to detect only
part of this variation in cartilage. Only P-values below 0.05 are presented in the table
Locations All 1e2 1e3 1e4 2e3 2e4 3e4
Cartilage parameters
AIBcart 0.000 e e 0.017 e 0.000 0.029
IRCcart e e e e e e e
URI 0.046 e 0.046 e e e e
UA 0.001 e 0.001 e 0.046 e e
Hypro 0.003 e 0.010 0.003 0.029 0.010 e
Water 0.000 e 0.003 0.000 e e e
Thickness 0.000 e 0.002 0.000 e 0.005 e
EDyn 0.000 e 0.001 0.000 e 0.006 e
Eyoung 0.000 e 0.000 0.005 0.046 e e
Bone parameters
AIBbone 0.000 e 0.002 0.000 e e e
IRCbone 0.000 e 0.000 0.005 0.046 e e
BMDplate 0.029 e e e e 0.028 0.046
BMDtrab 0.006 0.028 0.047 e e 0.005 0.010
Table V
Spearman’s correlation coefﬁcients between the cartilage thickness, composition
and mechanical properties were signiﬁcant. The properties of cartilage, however,
were not found to correlate with the mineralization of subchondral bone
Hypro Water EDyn EYoung ThCart BMDplate BMDtrab
UA 0.42** L0.50** 0.44** 0.69** L0.31 L0.24 0.28
Hypro e L0.75** 0.76** 0.55** L0.79** L0.18 L0.11
Water e L0.89** L0.79** 0.81** 0.12 L0.02
EDyn e 0.82** L0.95** L0.24 L0.13
EYoung e L0.68** L0.11 0.18
**P< 0.01.
*P< 0.05.
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compromised the reliability of the data. Instead, the partial corre-
lation analysis was considered to provide a more appropriate way
to deal with these sources of uncertainty.
Based on the present results, ultrasound backscatter (AIB) and
roughness index (URI) seemed to be rather insensitive to the angle
of incidence of the ultrasound pulse. Ultrasound reﬂection (IRC),
however, is known to be highly sensitive to angle of incidence45,46,
which explains the lack of signiﬁcant correlations between the
reﬂection parameters and the reference parameters. According to
Wilhjelm et al., inclination of three degrees is enough to reduce the
signal energy byL6 dB46. Kaleva et al. suggested that the scattering
becomes the dominant source of signal instead of specular reﬂec-
tion for inclinations over two degrees. However, they reported that
degraded cartilage could be distinguished from intact at articular
surface inclinations up to ﬁve degrees45. In the present study,
average angles of incidence (standard deviation (SD)) of the
ultrasound pulse at the cartilage and bone surfaces were 4.6 3.0
and 5.9 3.2 degrees, respectively. Most of previous in vitro studies
have carefully positioned cartilage surface perpendicular to theTable IV
The mean values (SD) of the measured ultrasound parameters, thickness,
composition and mechanical properties of cartilage and BMDs of subchondral bone.
Location describes the site of the measurement, 1 being the most lateral and 4 the
most medial site of the medial tibial condyle (Fig. 1). See Table III for the statistical
signiﬁcance of variation between the locations
Location 1 2 3 4
Cartilage parameters
AIBcart (dB) L72 3 L73 4 L70 6 L65 5
IRCcart (dB) L42 7 L41 5 L41 8 L42 5
URI (mm) 70 46 33 19 30 20 35 25
UA (mg/mg) 4.5 0.7 5.0 0.9 6.5 0.9 5.4 1.4
Hypro (mg/mg) 6.6 1.6 7.8 1.1 10.2 0.9 12.1 2.8
Water (%) 89 1 87 2 84 1 84 1
Thickness (mm) 3.1 0.4 2.2 0.4 1.6 0.4 1.0 0.2
EDyn (MPa) 0.4 0.2 1.2 0.9 4.1 2.4 7.7 2.8
EYoung (MPa) 0.2 0.0 0.3 0.2 0.9 0.2 0.7 0.3
Bone parameters
AIBbone (dB) L40 4 L36 3 L34 2 L34 2
IRCbone (dB) L32 7 L25 4 L22 4 L23 4
BMDplate (mg/cm3) 870 53 882 49 883 58 820 87
BMDtrab (mg/cm3) 483 42 534 59 536 47 457 36ultrasound beam. This, however, was impossible in the present
study with a larger sample size, scan length and natural curvature
of the tibial plateau. The same applies for bone ultrasound
measurements; in vitro studies often apply samples with perfectly
ﬂat surfaces and no cortical layer. However, the cortical layer has
been shown to reduce the accuracy of ultrasound meas-
urements47e49. If the angle between the transducer and the bone
surface deviates enough from the perpendicular alignment,
reﬂected ultrasound beam misses the transducer completely and
the recorded signal consists solely of scattered signal. Moreover,
curved bone surfaces distort the ultrasound signal also in the
through-transmission geometry. This effectively compromises the
measurement and should be carefully considered when designing
ultrasound measurements.
The use of one optimized gain for each measurement is a simple
and fast procedure, but also has certain drawbacks. The gain was
optimized to maximize the signal-to-noise ratio of both the saline-
cartilage and cartilage-bone reﬂections, i.e., the gain may not have
been optimal for the backscatter signal which is typically of
a smaller magnitude. To simulate a straightforward clinical
measurement, the gainwas not optimized for each signal region. In
clinical practice, diagnostic techniques should be fast, simple and
easy to use.
Even though Kaleva et al. suggested that 5 MHz ultrasound is not
sufﬁcient for accurate measurement of the roughness of articular
surface32, in the present study the cartilage surface roughness,
measured with ultrasound, was related to water content,
mechanical properties and thickness of the tissue. This is in line
with an earlier study using high frequency (20 MHz) ultrasound, in
which a signiﬁcant correlation between the URI and mechanical
properties of cartilage was observed18. The URI values measured in
this study are larger than the values reported earlier32. This
discrepancy may be caused by the natural curvature of the samples,
as the inclination of the cartilage surface has been reported to cause
overestimation of the URI45. URI was the largest in the location 1
and signiﬁcantly (P¼ 0.046) larger than that in the location 3. Even
though the structure and composition of the locations varied
signiﬁcantly (P< 0.01), URI was not able to detect the variation
between the locations 2, 3 and 4. This is possibly due to relatively
low central frequency of the applied ultrasound transducer. The
correlation coefﬁcient between the values of cartilage thickness
measured with the needle probe and ultrasound techniques was
r¼ 0.89 (P¼ 0.000), suggesting good precision for cartilage thick-
ness measurements using ultrasound. Feasibility of ultrasonic
thickness measurements was expected, since the applied 5 MHz
ultrasound transducer (half maximum full width of the pulse was
0.25 ms) is theoretically able to estimate cartilage thickness down to
0.2 mm50.
The present results provide steps to which direction quantita-
tive ultrasound techniques need to be developed. Elimination of the
effects of overlying tissue layers and variation in the angles of
incidence of the ultrasound pulse at reﬂecting surfaces are essential
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parameters. Therefore, further studies and innovative approaches
are needed for optimization of the measurement protocol and
minimization of the effect of overlying tissue layers. For example,
application of a rotating ultrasound catheter22,23 could diminish
some of the error sources due to the curvature of the structures. It is
one potential way to further develop simultaneous ultrasound
measurement of cartilage and subchondral bone. However, the
ultrasound frequency of the catheter used by Virén et al. is too high
for ultrasound measurement of bone through a layer of cartilage.
Fortunately, ultrasound catheters are commercially available at, for
example, 9 MHz frequency (Boston Scientiﬁc Corporation, San Jose,
CA, USA), which might be a more feasible frequency for simulta-
neous measurement of articular cartilage and subchondral bone
in vivo.
To conclude, simultaneous measurement of articular cartilage
and subchondral bone was conducted with 5 MHz pulse-echo
ultrasound. Even though the ultrasound parameters were found to
depend on the structure and composition of the cartilage, and
mineral density of the bone, further studies are needed for opti-
mization of the ultrasound frequency and measurement geometry.
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